A study was conducted to evaluate the effect of two dietary carbohydrate sources (waxy maize starch and glucose) on the metabolic adaptation of sea bass juveniles (initial weight: 24 g) to a heat shock treatment (temperature rise from 18 °C to 25 °C within 24 h). Two isonitrogenous and isolipidic diets were formulated to contain 20% waxy maize starch (WS diet) or 20% glucose (GLU diet). Triplicate groups of fish were fed to near satiation for 4 weeks at both temperatures (18 °C and 25 °C). Then, fish previously maintained at 18 °C were submitted to a heat shock (18 °C to 25 °C) and continued to be fed with the same diets during 1 more week. The higher water temperature significantly improved growth performance, feed efficiency, as well as protein efficiency ratio, independently of diet. At 25 °C, but not at 18 °C, growth of fish fed the WS diet was higher than that of fish fed the GLU diet. Plasma glucose levels were higher in sea bass fed the GLU diet and not influenced by water temperature. Fish fed a glucose diet or reared at high temperatures (25 °C) showed enhanced liver glycolytic, lipogenic and gluconeogenic capacities compared to fish fed a starch diet or reared at low temperatures (18 °C). For the majority of the enzymes studied, 1 week seemed to be enough time for metabolic adaptation in sea bass submitted to an acute heat shock.
Introduction
Carnivorous fish require high-protein diets to obtain amino acids for use in protein synthesis, glucose synthesis and for energy purposes (Sánchez-Muros et al., 1998) .
However, protein is one of the most expensive components of diets and excess protein increases N excretion. Therefore, both from an economical and an environmental point of view, it is advisable to spare protein for plastic purposes by increasing the utilization of conventional energy sources like lipids or carbohydrates (Cho and Kaushik, 1990; Kaushik and Médale, 1994) .
Although carbohydrates are the cheapest energy source, most teleosts do not tolerate high dietary carbohydrate levels, and maximum dietary inclusion level depends on fish species. It is generally assumed that optimal dietary digestible carbohydrate level is less than 20% for carnivorous fish, whereas it is much higher (30-40%) for omnivorous fish (Wilson, 1994) . For European sea bass, there is evidence that a dietary incorporation of 20-25% of digestible carbohydrate does not affect growth or feed efficiency (Gouveia et al., 1995; Lanari et al., 1999; Peres and Oliva-Teles, 2002) .
The complexity of carbohydrate molecule also affects carbohydrate utilization.
For example, starch has been demonstrated to be used more efficiently than glucose in both marine and fresh water species: carp, red sea bream (Furuichi and Yone, 1982) , yellowtail (Furuichi et al., 1986) , tilapia (Anderson et al., 1984; Shiau and Peng, 1993) , white sturgeon (Deng et al., 2005) . On the contrary, juvenile grass carp (Tian and Liu, 2004 ) and rainbow trout (Bergot, 1979a; Hung and Storebakken, 1994) appears to utilise glucose better than starch. However, also in rainbow trout (Pieper and Pfeffer, 21 22 23 24 1980a; 1980b) and in grouper (Shiau and Lin, 2001 ) starch seems to be used as efficiently as glucose.
Various factors affect the digestible energy provided by complex carbohydrates in fish diets (Bergot, 1993) . One of these factors is the technological treatment of starch.
Contrary to normal maize, which contains 25-28% amylose, waxy maize only contains 1% (Pfeffer et al., 1991; Bergot, 1993) . Bergot (1993) measured the digestibility of starch of different botanical origins by rainbow trout and found that digestibility of waxy maize starch was significantly higher than that of amylomaize or normal maize. Pfeffer et al. (1991) also found that rainbow trout performed better with waxy than normal maize starch.
For European sea bass, data on the utilization of different carbohydrate sources is still limited. Alliot et al. (1979) observed a protein sparing effect of glucose, although growth depression occured at high dietary inclusion levels. Despite differences in carbohydrate digestibility, Alliot et al. (1984) observed similar growth performance of sea bass fed diets including either maltose or starch. Although the effect of starch gelatinization on growth performance is somewhat discordant (Gouveia et al., 1995; Dias et al., 1998; Peres and Oliva-Teles, 2002) it is well established that gelatinization of starch improves carbohydrate digestibility (Dias et al., 1998; Peres and Oliva-Teles, 2002) . Also in sea bass, digestibility of waxy maize starch was higher than that of normal maize starch (Enes et al., in press ). Water temperature is an important environmental factor affecting physiological and biochemical functions in fish (Jobling, 1994) , as well as the activities of several hepatic enzymes (Shikata et al., 1995) . In sea bass, temperature plays an important role in governing growth via its effects on feeding rate and metabolism (Person-Le Ruyet et al., 2004) . The increase of water temperature from 18ºC to 25ºC improved growth and feed efficiency of sea bass juveniles (Peres and Oliva-Teles, 1999; Person-Le Ruyet et al., 2004) . Although protein utilization seems to be affected by temperature (Peres and Oliva-Teles, 1999 ) the optimum dietary protein inclusion level is independent of water temperature (Alliot et al., 1974; Hidalgo and Alliot, 1988; Peres and Oliva-Teles, 1999) .
Heat shock proteins (HSP) are a wide family of conserved proteins, classified according to their molecular weight, present in all organisms including fish (Basu et al., 2002) . HSP70 is known to assist the folding of nascent polypeptide chains, act as a molecular chaperone, and mediate the repair and degradation of altered or denatured proteins (Basu et al., 2002) . Thus, HSP70 has been most widely used as a biomarker of stress. In fish, like in mammals, HSP70 is induced by heat and chemical shocks (Gornati et al., 2004) . In sea bass, HSP70 was also shown to be inducible by rearing density (Gornati et al., 2004) .
According to our knowledge, there are no previous studies with sea bass comparing starch and glucose utilization at different water temperatures. Thus, the purpose of the present study was to evaluate the effect of two water temperatures (18ºC and 25ºC) and two carbohydrate sources (waxy maize starch and glucose) on growth performance and activities of hepatic enzyme related to glycolysis, gluconeogenesis and lipogenesis in European sea bass juveniles. 
Diets
Two isonitrogenous (48% crude protein) and isolipidic (18% crude lipids) diets were formulated to contain 20% of either waxy maize starch (diet WS) or glucose (diet GLU). Waxy maize starch (99% amylopectin, 1% amylose) was purchased from Cerestar (Mechelen, Belgium) and D(+)-Glucose from MERCK. All dietary ingredients were finely ground, mixed thoroughly and dry pelleted in a laboratory pellet mill (CPM) through a 3 mm die. Ingredients and proximate composition of the experimental diets are presented in Table 1 .
Fish rearing
Fish used in this study were European sea bass (Dicentrarchus labrax) juveniles obtained from a commercial hatchery. The first part of the trial lasted 4 weeks and was performed in two independent partial water recirculation systems, thermoregulated to 18.3±0.5ºC and 25.0±0.2ºC, respectively. Both systems contained a battery of 6 cylindrical fiberglass tanks of 250 L capacity each. Tanks were supplied with a continuous flow of filtered seawater (6.0 L min -1 ), salinity averaged 37.3±0.5‰ and dissolved oxygen was kept near to satiation.
Fish were allocated to each system and acclimatized for 15 days to the tanks and water temperatures. Thereafter, 30 fish with an average body weight of 24g were randomly distributed to each tank. Each diet was assigned to triplicate groups of animals. Fish in both water systems were fed by hand twice a day, six days a week, to near satiation with one of the experimental diets during 4 weeks. Then, fish were bulk weighed and 5 fish from each tank were sampled for determination of hepatosomatic and visceral indices (sampling #1). In order to minimise stress caused by manipulation, the remaining fish were fed for 3 more days and then blood and liver from 6 fish per tank were sampled six hours after the morning meal (sampling #2).
Thereafter, the water temperature of the 18ºC system was quickly raised (within 24 hours) to 25ºC and fish continued to be fed to near satiation with the same diets during 1 more week. Then, blood and liver from 6 fish per tank submitted to the temperature change were also sampled six hours after the morning meal (sampling #3). EDTA; 2mM DTT; 1mM benzamidine; 1mM 4-(2-aminoethyl) benzenesulfonyl fluoride, pH 7.6). After centrifugation (900× g for 10 min), the resultant supernatant was separated for HK/GK and PK activity measurements. The HK (low Km HKs) and GK (high Km HK or HK IV) activities were measured using 0.5 mM and 100 mM of glucose, respectively, as described previously (Tranulis et al., 1996; Panserat et al., 2000a) at 37°C by coupling ribulose-5-phosphate formation from glucose-6-phosphate to the reduction of β-NADP using purified glucose-6-phosphate dehydrogenase (Sigma) and 6-phosphogluconate dehydrogenase (Sigma) as coupling enzymes. This assay for measuring GK activity on frozen samples necessitated correction by measuring glucose dehydrogenase (EC 1.1.1.47) activity as described by Tranulis et al. (1996) . To measure PK activities, the supernatant was centrifuged at 10 000× g for 20 min and the resultant cytosolic fraction was used for enzyme activity measurements. The procedure followed was that of Foster and Moon (1985) , monitoring the decrease in absorbance at 340 nm (β-NAD, reduced form disappearance) using purified lactate dehydrogenase (Sigma) in excess as the coupling enzyme. (1996) , monitoring the increase in absorbance (β-NADPH appearance) using purified glucose-6-phosphate dehydrogenase (Sigma) and 6-phosphogluconate dehydrogenase (Sigma) as coupling enzymes.
Glucose-6-phosphatase activities
In order to measure glucose-6-phosphatase (G6Pase; EC 3.1.3.9) activity, microsomes were obtained from sea bass livers, as described previously (Panserat et al., 2000b) . Microsomes were suspended in buffer (100mM NaH 2 PO 4 ; 25mM Na 2 HPO 4 ; 2mM EDTA; 1mM DTT, pH 7), without further treatment. The procedure followed was that of Alegre et al. (1988) , monitoring the increase in absorbance at 340 nm (β-NADH appearance) using purified glucose dehydrogenase (Sigma) in excess as the coupling enzyme.
Glucose-6-phosphate dehydrogenase activities
For measurement of glucose-6-phosphate dehydrogenase (G6PD; EC 1.1.1.49) activity, a frozen sample of liver (200 mg) was homogenized (dilution 1 / 5) in ice-cold buffer (0.02M Tris; 0.25M sucrose; 2mM EDTA; 0.1M NaF; 0.5mM PMSF; 0.01M β-mercapto ethanol, pH 7.4). Homogenates were centrifuged at 30 000x g for 20 min.
Enzyme assays were performed as previously described by Bautista et al. (1988) .
Specific enzyme activities
All enzyme activities were expressed per mg of hepatic soluble protein (specific activity). Protein concentration was determined according to Bradford (1976) using a
Sigma protein assay kit with bovine serum albumin as a standard. One unit of enzyme where E is PCR efficiency determined by standard curve using serial dilution of cDNA;
ΔCT the crossing point deviation of the sample versus a control.
Statistical analysis
Data are presented as means ± standard deviation. Statistical evaluation of the results was done by one-way or two-way analysis of variance using a Statgraphics Plus Version 7.0 for Windows software package. Before analysis, hepatosomatic index, GK, and PK activities were log transformed for normality. A probability level of 0.05 was used for rejection of the null hypothesis. Significant differences among means were determined by the Tukey's multiple range test and by the non parametric Rest statistical test for HSP70 gene expression analysis. Both feed intake and growth were significantly higher in fish held at the higher water temperature (Table 3) . At 25ºC, final body weight and specific growth rate were significantly higher in fish fed diet WS than diet GLU, whereas at 18ºC there were no significant differences between fish fed the two experimental diets. Both feed intake (g kg ABW -1 day -1 ) and feed efficiency were significantly higher at 25ºC than at 18ºC (Table 3) . Within each temperature, feed intake was significantly higher in fish fed diet WS while feed efficiency was significantly higher in fish fed diet GLU. Protein efficiency ratio (PER) was also significantly higher in fish held at 25ºC (Table 3) .
Results
Nevertheless, within each temperature there were no significant differences in PER among groups. While at 25ºC the visceral index (VI) was unaffected by diet composition, at 18ºC it was significantly higher in fish fed GLU diet (Table 3) .
Hepatosomatic index (HSI) was significantly higher in fish held at the lower water temperature (Table 3) . Within each temperature, HSI was higher in fish fed GLU diet.
Plasma glucose was not significantly affected by water temperature. It was, however, higher in fish fed GLU diet than WS diet and this difference was significant at 25ºC (Table 3 ). The quick rise of water temperature from 18ºC to 25ºC had no significant effect on plasma glucose levels (data not shown).
Within each temperature, there were no significant differences in HK and G6Pase activities among groups (Table 4 ). There was also no effect of temperature on HK and G6Pase activities. On the contrary, significant variations were noticed for the other enzymes studied. Indeed, GK, FBPase and G6PD activities were significantly higher at 25ºC than at 18ºC (Table 4) while there was no effect of temperature on PK (Table 4) . Within each temperature, GK, PK and G6PD activities were significantly higher in fish fed GLU diet while FBPase activity was higher in fish fed WS diet, although this latter difference was only significant in fish kept at 18ºC.
The effect of a rise in water temperature from 18ºC to 25ºC on hepatic glycolytic/gluconeogenic and lipogenic enzyme activities is present in Fig. 1 . In fish fed both diets and submitted to temperature shock, activities of HK, GK, FBPase and G6Pase were not different from those of groups maintained at 25°C for the whole period. PK activity significantly increased after the heat shock in fish fed both diets and was significantly higher than in fish previously acclimated to 25ºC. G6PD activity in fish fed diet GLU, but not diet WS, was significantly lower in the group submitted to the heat shock in comparison to the 25ºC acclimated fish.
In fish fed diet WS, there were no differences in hepatic HSP70 gene expression (Table 5 ). In contrast, in fish fed diet GLU, even though there were also no differences in hepatic HSP70 gene expression between fish raised at 25°C and at 18ºC (Table 5) , HSP70 gene expression was found to be lower in fish submitted to the temperature shock (18°C to 25°C) in comparison to fish acclimated to 25ºC or 18°C, respectively. As expected, and irrespective of carbohydrate source, results of the present study showed that the increase of water temperature (18°C vs. 25°C) significantly improved growth performance, feed efficiency, as well as protein efficiency ratio in sea bass juveniles. Similar results were already reported for this species (Alliot et al., 1983; Hidalgo et al., 1987; Peres and Oliva-Teles, 1999; Person-Le Ruyet et al., 2004) and for other species such as trout (Cho and Slinger, 1979; Cho and Watanabe, 1985; Alanara, 1994; Capilla et al., 2003) and carp (Goolish and Adelman, 1984) . At 25ºC, growth of fish fed the starch diet was better than that of fish fed the glucose diet. At 18ºC such a difference was not evident due to the poor growth of both groups at that temperature. The poor ability to utilize simple carbohydrates was also observed in other fish species such as tilapia (Anderson et al., 1984; Shiau and Peng, 1993) , sunshine bass (Hutchins et al., 1998) , common carp and red sea bream (Furuichi and Yone, 1982) . Dietary glucose is rapidly absorbed across the gut comparatively to complex carbohydrates such as starch (Lin and Shiau, 1995) . It has been suggested that in fish fed glucose rich diets a considerable amount of glucose may enter the blood before adequate insulin levels are available to allow its utilization at cellular level (Pieper and Pfeffer, 1980a; Furuichi and Yone, 1981) . Complementary data on plasma insulin profiles in European sea bass might be of use.
Discussion
Several authors have observed that yellowtail (Furuichi, 1983) , hybrid tilapia (Shiau and Peng, 1993) , Indian major carp (Erfanullah and Jafri, 1995), common carp (Shikata et al., 1994) , grouper (Shiau and Lin, 2001 ) and silver perch (Stone, 2003) utilize complex carbohydrates, such as gelatinized starch or dextrin, more efficiently than glucose to spare protein for growth. But, in the present study, data on protein efficiency ratio suggest that in sea bass there is a similar protein sparing effect of both carbohydrates, irrespective of water temperature.
Plasma glucose levels six hours after feeding were affected by dietary carbohydrate source. Indeed, plasma glucose concentration was higher in sea bass fed diet GLU than diet WS, and this difference was significant at 25ºC. Similar results regarding carbohydrate source were previously observed in rainbow trout (Bergot, 1979b; Brauge et al., 1994) and in tilapia (Shiau and Liang, 1995 HK activity was also unaffected by rearing temperature as well as by heat shock as was previously observed in rainbow trout by Tranulis et al. (1991) . However, also in rainbow trout, a higher activity of HK at 18ºC than at 8ºC was recently reported (Capilla et al., 2003) .
Irrespective of water temperature, dietary glucose does appear to induce GK and PK more than starch. This may be related to the higher glycaemia in fish fed diet GLU, which may possibly induce the liver capacity to store excess glucose as it was observed in rainbow trout (Panserat et al., 2001; Kirchner et al., 2003b) . In fact, HSI was higher in fish fed GLU diet which may be due to higher glycogen content. There was also a positive effect of temperature on GK activity but not on PK. Moreover, after the heat shock, GK activity quickly raised to values previously found at 25°C indicating that there was a rapid adaptation of liver glucose metabolism to the higher feed intake, and consequent increased glucose supply. In contrast, in response to heat shock, PK activities raised to values significantly higher than those previously found at 25ºC, Data on the effect of temperature on hepatic gluconeogenesis in fish are scarce and discordant (Woo, 1990; Shikata et al., 1995) .We found here, a significant effect of carbohydrate source and water temperature on the activity of FBPase but not that of G6Pase. In fact the starch-based diet led to higher FBPase activity than the glucose diet,
in contrast to what was previously reported for hybrid tilapia (Shikata et al., 1994) .
Moreover, FBPase activity was significantly higher in the warm-acclimated fish suggesting an enhanced gluconeogenic activity at higher temperature. After the heat shock, FBPase activity was not significantly different from values found in sea bass previously reared at 25ºC, suggesting that for FBPase, as it was observed for GK, one week was long enough for a metabolic reorganization in relation to temperature change.
In the present study, and irrespective of water temperature, G6PD activity in sea bass fed the glucose diet was significantly higher than in fish fed the starch diet. This may be associated to the higher glycemia observed in this group which enhanced lipogenesis. Similar results were already reported in sturgeon (Hung et al., 1989) , rainbow trout (Hung and Storebakken, 1994) and common carp (Shikata et al., 1994) .
While rearing temperature had no effect on G6PD activity in fish fed diet WS, in fish fed diet GLU, G6PD activity was significantly higher in the warm-acclimated fish, indicating a higher lipogenic activity at higher temperatures in this group. This may be due to the higher feed intake (i.e. glucose) recorded in fish reared at 25ºC. Tranulis et al.
(1991) also reported no differences in G6PD activity of rainbow trout reared at 0-2ºC or at 10-17ºC and fed a 16% carbohydrate diet. One week after the heat shock G6PD activity remained similar to that observed in fish reared at 18ºC. This suggests a longer adaptation period to water temperature changes for G6PD as compared to glycolytic (GK and PK) and gluconeogenic (FBPase) enzymes.
In conclusion, carbohydrate source and water temperature are important factors in regulation of carbohydrates metabolism in sea bass juveniles. Thus, fish fed a glucose diet or reared at high temperatures (25ºC) presented enhanced liver glycolytic, lipogenic and gluconeogenic capacities compared to fish fed a starch diet or reared at low temperatures (18ºC). Overall, the present data showed that one week seems to be sufficient for a metabolic reorganization to occur in sea bass submitted to a sudden rise in temperature of 7ºC in 24h. Capilla, E., Médale, F., Navarro, I., Panserat, S., Vachot, C., Kaushik, S., Gutiérrez, J., 
